The rDNA sequencing data obtained during the last 5 years in several laboratories clearly demonstrate that within the heterogeneous genus Kluyveromyces there is a group of highly related species, which we refer to as the genus Zygofabospora Kudriavzev 1960 emend. G. Naumov 2002. This genus includes four hybridizing species, Zf. marxiana, Zf. dobzhanskii, Zf. lactis, Zf. wickerhamii (Zygofabospora sensu stricto), and two taxonomically related species, Zf. aestuarii, Zf. nonfermentans (Nagahama et al.) G. Naumov comb. nov. (Zygofabospora sensu lato). We studied the relationships of the yeasts composing the Zf. lactis complex. Genetic hybridization analysis and molecular karyotyping revealed partial genetic-isolation varieties, Zf. lactis var. drosophilarum (Shehata et al.) G. Naumov comb. nov. and Zf. lactis var. phaseolospora (Shehata et al.) G. Naumov comb. nov. from North America, and Zf. lactis var. krassilnikovii (Kudriavzev) G. Naumov comb. nov. from Europe. The dairy yeast Zf. lactis var. lactis G. Naumov comb. nov. yields highly fertile hybrids with its wild ancestor Zf. lactis var. krassilnikovii and semi-sterile hybrids with North American taxa. Besides, Zf. lactis var. lactis and Zf. lactis var. krassilnikovii formed fertile hybrids with the South African yeast Zf. lactis var. vanudenii (van der Walt et Nel) G. Naumov comb. nov. The reinstatement of the latter yeast at the variety level has been done taking into account the results of the present study and the literature data on its geographic isolation, high divergence of the karyotype and mitochondrial DNA. ß
Introduction
More than 50 years the yeasts Kluyveromyces lactis, Kl. marxianus and their close wild relatives Kl. dobzhanskii and Kl. wickerhamii described later had been assigned to the genus Saccharomyces [1] . In 1965, van der Walt [2] changed the initial diagnosis of the polysporous genus Kluyveromyces and wrongly incorporated in it several non-polysporous yeasts, including Saccharomyces marxianus and related taxa. Recent data on the rDNA sequencing obtained in di¡erent laboratories revealed that Kl. lactis, Kl. marxianus, Kl. dobzhanskii and Kl. wickerhamii did not belong to the heterogeneous genus Kluyveromyces [39 ] . Like the Saccharomyces sensu stricto complex, the four species, along with Kl. aestuarii, form a distinct cluster (bootstrap value 96%) within the Saccharomyces clade [8] . In fact, the existence of this group has been suspected for a long time. Almost 50 years ago, Kudriavzev [10] , Krassilnikov [11] and Wickerham [12] created special genera for these yeasts: Zygofabospora/Fabospora, Zygorenospora and Dekkeromyces, respectively. However, the taxa were introduced without Latin diagnosis. Only in 1960, Kudriavzev [13] formally described the taxa Zygofabospora and Fabospora. In 1986 and 1987, we did the emendation of Kudriavzev's genus Zygofabospora (syn. Fabospora) with a new species composition [14, 15] . Our revision was based on the data of yeast hybridizations [16^19] and nDNA^nDNA reassociations ([20^22] , see also [23, 24] ). Accordingly, in the present paper we follow the genus name Zygofabospora.
The complex of the closely related species Zygofabospora lactis (syn. Kl. vanudenii), Zf. drosophilarum and Zf. phaseolospora having 70^90% complementarity of their DNAs is of special interest. According to the last classi¢cation [25, 26] , the wild lactose-negative yeast Zf. drosophilarum, Zf. phaseolospora and Kl. vanudenii are brought in one variety Kl. lactis var. drosophilarum. Since the taxo-nomic status of the latter yeasts is still questionable, we studied their relationships by genetic hybridization analysis and molecular karyotyping. The present paper is concerned with the complexity of Zf. lactis itself. Based on the genetic analysis, several varieties are described. Preliminary results were presented at the 10th International Symposium on Yeasts [27] , and the 13th Meeting on the Biology of Kluyveromyces [28] , held in The Netherlands in Papendal and Leiden, respectively.
Materials and methods

Yeast strains and cultivation
The strains studied and their origins are listed in Table  1 . Highly fertile monosporic cultures of the homothallic strains VKM Y-831, VKM Y-834, VKM Y-1296, VKM Y-1302, VKM Y-1535, CBS 2877, CBS 2896, CBS 5669, our own isolates Est86, Vor86, DV30 and monocell clones of the heterothallic yeasts NRRL Y-1118, NRRL Y-1140, CBS 141 were used for genetic hybridizations. The homothallic strain CECT 1122 was represented by a monocell culture as well. The yeasts were grown at 28 ‡C on complete YPD medium (1% yeast extract, 2% peptone, 2% glucose and 2% Bacto-agar). Sporulation was induced by incubation for 2 days on starvation medium (3% maltose, 2% Bacto-agar). Auxotrophic mutants were induced with UV light. A spontaneous mutant ura of strain VKM Y-831 was selected on 5-£uoro-orotic acid medium. Hybridization conditions for Zygofabospora yeasts have been worked out earlier by using auxotrophic mutants of strains NRRL Y-1118 and NRRL Y-1140 [14] . Hybrids were obtained by mass mating of haploid cells with complementary auxotrophic mutations on starvation medium. The yeasts were transferred criss-cross from YPD medium onto starvation medium with a velvet replicator for mating; after 1 day of incubation they were transferred using a velvet replicator onto a minimal medium (2% agar, 2% glucose or 1% lactose, 0.67% Difco yeast nitrogen base without amino acids). Glucose was used when both parents carried di¡erent auxotrophic markers, and lactose was used when one parent assimilating lactose was auxotrophic and the second prototrophic parent did not assimilate lactose. Growth of prototrophic hybrids was observed after 2^3 days at the place where replica crossing took place. To avoid rapid sporulation, the hybrids were cloned from one cell on YPD medium using a micromanipulator. The hybrids were additionally cultivated for 1 day on YPD medium and then transferred to sporulation medium. Tetrad analysis and study of ascospore viability were done with a micromanipulator. Ascus walls were digested with snail gut juice [30] . Lactose fermentation was determined on eosin^methylene blue medium after 1 day of incubation [31] .
Contour-clamped homogeneous electric ¢eld (CHEF) gel electrophoresis
The preparation of chromosomal DNAs has been described elsewhere [32] . A Gene Navigator apparatus (Pharmacia, Sweden) was used to separate the chromosomal DNAs. The electrophoresis bu¡er was 0.5UTBE (Trisb oric acid^EDTA). The bu¡er was circulated around the 1.2% gel and cooled to 10 ‡C. The following three-step program was used for electrophoresis : (1) 65 V for 50 h with a switching time of 1600^2000 s (linear ramping) ; (2) 70 V for 48 h with a switching time of 800^1600 s (linear ramping); (3) 75 V for 22 h with a switching time of 1206 00 s (linear ramping). The chromosome sizes of the yeasts studied were estimated using commercial standards (Saccharomyces cerevisiae YNN 295 and Pichia canadensis (syn. Hansenula wingei) YB-4662-VIA, Bio-Rad). After electrophoresis the gels were stained with ethidium bromide to visualize the DNA bands.
Results and discussion
Genetic hybridization analysis
Three strains, NRRL Y-1118, NRRL Y-1140 and CBS 141, yielded among themselves fertile hybrids with regular segregation of the control auxotrophic markers ( Table 2 , nos. 1, 2). This indicates that the strains belong to the same species Zf. lactis. The anamorph Candida spherica CBS 141 which exhibits 98% DNA^DNA reassociation with the type culture of Zf. lactis (CBS 683 [29] ) was used.
The hybrids Zf. lactisUZf. drosophilarum, Zf. lactisUZf. phaseolospora and Zf. drosophilarumUZf. phaseolospora were semi-sterile, showing, for the most part, irregular segregation of the control markers (Table 3 , nos. 182 9). The data suggest lower similarity of the parental genomes. In contrast, the control intraspeci¢c crosses were highly fertile with 97^100% ascospore viability and normal digenic segregation of the control markers ( Table 2 , nos. 1^6). Thus, Zf. lactis, Zf. drosophilarum and Zf. phaseolospora are partly genetically isolated from each other and can be regarded as closely related but separate taxa. Two hybrids of Zf. lactisUZf. drosophilarum (Table 3 , nos. 20 and 22) warrant special discussion. Despite relatively high ascospore viability of complete tetrads, the parental markers his/trp and his/LAC did not recombine. This cannot be explained by a linkage of the corresponding genes. In hybrid no. 20, the parental markers of strain NRRL Y-1140, LAC and his, showed complete co-segregation (data not shown). In fertile hybrids nos. 10, 12 and 13 (Table 2) , the markers LAC and his inherited independently suggesting that, at least, some parts of the parental genomes in hybrids no. 20 and no. 22 (Table 3) did not recombine.
Until recently [26] , the yeast Zf. krassilnikovii Kudriavzev [10, 13] was included in the list of synonyms for Zf. drosophilarum, despite the fact that the corresponding DNA^DNA reassociation experiments have never been conducted. In our study, the hybrids Zf. krassilnikoviiUZf. drosophilarum and Zf. krassilnikoviiUZf. phaseolospora were semi-sterile (Table 3 , nos. 30^33), whereas the combination of Zf. krassilnikovii and Zf. lactis yielded highly fertile hybrids (Table 2, nos. 7^12). Thus, all three wild yeasts Zf. krassilnikovii, Zf. drosophilarum and Zf. phaseolospora have a partial genetic isolation while Zf. krassilnikovii and Zf. lactis are not genetically isolated. a Standard nomenclature of auxotrophs is followed by the mutant numbers given by us, but not by the international gene numbers. b P, N, T: tetrads of parental, non-parental ditypes, and tetratype, respectively. c Hybrid is obtained by mass mating of cells having opposite mating types and by following isolation of zygotes by a micromanipulator. Number of tetrads is indicated in parentheses. 
Genetic identi¢cation of new isolates
We conducted the genetic identi¢cation of several Zygofabospora strains isolated in Europe (Est86, Vor86, CBS 2877, CBS 2896 and CECT 1122), and one each from the Russian Far East (DV30) and South Africa (CBS 5669). None of the strains fermented lactose and, therefore, they would be classi¢ed as Kl. lactis var. drosophilarum, according to Lachance [26] . Strains of Zf. lactis NRRL Y-1118 and NRRL Y-1140, which form fertile hybrids with Zf. krassilnikovii1, were used as the genetic testers. The results of the genetic hybridizations are presented in Table 4 (nos. 38^42). The ¢ve European strains belong to Zf. krassilnikovii, as judged by high ascospore viability of hybrids (669 2%) and regular digenic segregation of the control markers.
A hybrid between strain DV30 and Zf. lactis NRRL Y-1118 showed low ascospore viability (13%) and meiotic segregation of control markers (Table 4 , no. 43). Thus, Table 2 . b Data of random spore or tetrad analyses are presented. a, b: auxotrophies or non-ability to ferment lactose of ¢rst (in front of crossing sign) and second parents, respectively; A, B: prototrophy or ability to ferment lactose. (Table 4 ). All 38 monosporic clones of the hybrid analyzed proved not to be products of normal meiosis: they had the hybrid phenotype Lac þ His þ . In due time, ¢ve North American strains of Zf. drosophilarum were compared by DNA^DNA reassociation [22, 23] . Three of them were compared by DNA^DNA reassociation with the type culture of Zf. lactis, showing 'intermediate' levels of complementarity (64^86%). From our point of view, this indicates that the strains cannot be assigned to Kl. vanudenii or Zf. krassilnikovii. Similar levels of DNA^DNA reassociation were shown by the ¢ve strains with the type culture of Zf. drosophilarum, suggesting they did not belong to the latter species, either. It cannot be excluded that the strains belong to Zf. phaseolospora. Unfortunately, the corresponding DNA^DNA reassociations were not conducted. The genetic re-identi¢ca-tion of the so-called Zf. drosophilarum strains isolated in North America [23, 25] will be presented in a separate paper.
Molecular karyotyping
Monosporic cultures of the strains under examination were compared by electrophoretic karyotyping (Fig. 1) . Throughout the text the chromosomal bands are numbered from the bottom of the picture.
Chromosomal DNAs were resolved in di¡erent strains into three to six bands ranging in size from 1000 to 3200 kb. Six distinct karyotype patterns were recognized in the 15 strains analyzed. Three Zf. lactis and seven Zf. krassilnikovii strains displayed very similar pro¢les with ¢ve separate bands in the range from 1100 to 2800 kb (Fig. 1,  lanes 3^5 and 8^14, respectively) . Band no. 4 was resolved into two separate chromosomes using di¡erent electrophoretic conditions (data not shown). Thus, the haploid chromosome number of these 10 strains is six. Within the group, some chromosome length polymorphism was observed.
Each of the remaining ¢ve strains showed a unique karyotype pattern. The chromosomal DNA of strain DV30 resolved into ¢ve bands with the largest and shortest ones of smaller sizes than in the Zf. lactis/Zf. krassilnikovii group (Fig. 1, lane 15) . The intensity of band no. 4 indicates that it may contain two chromosomes. Three chromosomal bands are visible in Zf. phaseolospora strain VKM Y-1296 (Fig. 1, lane 6) . Bands no. 2 and no. 3 obviously contain more than one chromosome, based on their relative intensities. Zf. drosophilarum strain VKM Y-1302 was very di¡erent in terms of karyotype from the other strains studied showing four bands with a relatively narrow range of chromosome size (Fig. 1, lane 7) . Bands no. 1 and no. 4 are probably double.
The type culture of Kl. vanudenii (VKM Y-1535) and strain CBS 5669 displayed notably di¡erent karyotypes (Fig. 1, lanes 16 and 17, respectively) . Chromosomal DNA of strain VKM Y-1535 resolved into six chromosomes with the largest one of 3200 kb. Its karyotype pattern is also characterized by three chromosomes in the range of 1100^1500 kb. Strain CBS 5669 probably belongs to a di¡erent taxon. Belloch et al. [34] examined chromosome pattern variation in the genus Kluyveromyces. Several Zf. marxiana (Kl. marxianus) strains analyzed by them displayed the same karyotype pattern (range and number of chromosomal bands) as strain CBS 5669 studied by us. Thus, strain CBS 5669 probably belongs to Zf. marxiana.
Our results of molecular karyotyping presented here are 
Taxonomic revision
Genetic hybridization analysis and electrophoretic karyotyping revealed signi¢cant heterogeneity within the Zf. lactis complex. Based on the genetic data, we demonstrated the relatedness of the wild European yeast Zf. krassilnikovii to the synanthropic species Zf. lactis and to the North American yeasts Zf. drosophilarum and Zf. phaseolospora. Zf. krassilnikovii and Zf. lactis are not genetically isolated from one another and have very similar karyotype patterns. However, they are isolated ecologically: Zf. krassilnikovii is a wild, non-lactose-fermenting yeast found in tree exudates, whereas Zf. lactis is a domestic dairy yeast fermenting lactose. Note that the delimitation of the two varieties Kl. lactis var. lactis and Kl. lactis var. drosophilarum was based principally on physiological and ecological criteria, too [25, 26] . The synanthropic species Zf. lactis can be di¡erentiated by the ability to utilize lactose, the spherical shape of its ascospores and by its heterothallic life cycle. The relationship between Zf. lactis and Zf. krassilnikovii resembles that of maize (Zea mays L.) and its closest wild relative teosinte (Zea mexicana R. et M.). The two species are known to cross easily and yield fertile progeny. Moreover, maize crops in Mexico and Guatemala can be choked with teosinte. A similar relationship exists between the wolf and the dog.
Complete absence of genetic isolation may indicate that the dairy yeast Zf. lactis originated from wild the European yeast Zf. krassilnikovii. Based on the high similarity of the Zf. lactis and Kl. vanudenii genomes and the normal genetic recombination between them, we have previously considered the two taxa to be conspeci¢c [27] . However, taking into account the geographic isolation of these yeasts, high divergence of their karyotypes ( [35] , this study) and mitochondrial DNA [37, 38] , we propose to reinstate Kl. vanudenii as a separate variety of the Zf. lactis species.
The data obtained in support of the close genetic relatedness of Zf. lactis, Zf. drosophilarum, Zf. krassilnikovii, Zf. phaseolospora and Kl. vanudenii, the karyotype analysis, and the DNA^DNA reassociation data from the literature, provide a basis to revise these taxa and consider them as varieties of the species Zygofabospora lactis. The list of species and varieties of the genus Zygofabospora is as follows. Zygofabospora Kudriavzev [13] emend. G. Naumov (2002) Synonyms : Listed in [15] . Typus: Zygofabospora marxiana (Hansen) Kudriavzev [13] In the present paper, the species composition of the genus Zygofabospora Kudriavzev [13] emend. G. Naumov [15] is emended to be in agreement with published rDNA sequence data [3^9,39] . The genus contains two clusters. The ¢rst, which we refer to as Zygofabospora sensu stricto, includes the hybridizing species Zf. marxiana, Zf. dobzhanskii, Zf. wickerhamii, and the ¢ve varieties of Zf. lactis. Zf. aestuarii and Zf. nonfermentans form the second cluster, Zygofabospora sensu lato. At least one of the latter species, Zf. aestuarii, is not able to hybridize with Zf. lactis [19] , but does show a pheromone interaction [40] . It is worth noting that the sexual di¡erentiation of species within the genera Zygofabospora and Saccharomyces is, in some respects, similar. Within the genus Saccharomyces, only Saccharomyces sensu stricto species can be crossed [41, 42] . These can have a pheromone interaction with a number of Saccharomyces sensu lato species [43] . We believe that pheromone response tests, along with the sequencing of the ribosomal RNA of non-hybridizing species, allow the di¡erentiation of related genera in the heterogeneous family Saccharomycetaceae.
There is an opinion [9] that the genus Kluyveromyces should be restricted to Kl. marxianus and related species. This proposal can be realized only by a conservation procedure. However, the taxonomy of these yeasts is not yet ready. As was mentioned in Section 1, the genus Kluyveromyces, currently including 16 species [26, 39] , is very heterogeneous; 10 of its members, including the type species Kl. polysporus, are phylogenetically intermixed with species belonging to the genera Saccharomyces (viz. Saccharomyces sensu lato), Zygosaccharomyces, Arxiozyma, and Candida (C. glabrata). Moreover, the ¢rst two genera are very heterogeneous themselves and should be revised as well. However, there are no phenotypic characters which allow a clear distinction between the genetically non-related taxa. The only exceptions are Zygofabospora and Saccharomyces sensu stricto, which form two well-de¢ned clusters displaying little phylogenetic a⁄nity with the other species of the 'Saccharomyces clade' [8, 39] . The conservation of the name 'Kluyveromyces' would be possible only after comprehensive revision of the so-called 'Saccharomyces clade' sensu Kurtzman and Robnett 1998 [8] . We consider it justi¢ed to single out the Kl. marxianus group and to transfer it to the genus Zygofabospora.
